Korean federal and local governments and the aquaculture industry have spent over USD $20 million every year to minimize this loss. In Korea, C. polykrikoides red tides usually first appear in the South Sea and then move to the West Sea (Yellow Sea) and / or East Sea (Sea of Japan) . These red tides have sometimes been transported to the waters of western Japan (Onitsuka et al. 2010) . Thus, the effective and accurate prediction of the outbreak, persistence, and decline of C. polykrikoides red tides in the South Sea of Korea, where aquaculture cages are very concentrated and great economic losses owing to C. polykrikoides red tides occur every year, is an important task for scientists. Understanding the conditions under which C. polykrikoides red tides occur is the first step in predicting a red tide outbreak. The establishment of an early warning system for red tide outbreaks can allow aquaculture farmers to harvest fish earlier, move their cages to relatively safe areas, or be prepared to use effective removal materials such as clay, NaOCl, or suitable organisms (Jeong et al. 2002 , Park et al. 2013b , Lee et al. 2014a .
C. polykrikoides red tides occur in waters with a wide range of temperature, salinity, and nutrient concentrations (Gobler et al. 2008 , Kudela et al. 2008 , Mulholland et al. 2009 , Fatemi et al. 2012 , Kudela and Gobler 2012 , Al-Azri et al. 2013 , and C. polykrikoides cells are present in waters with even wider ranges (Yamatogi et al. 2006 , Gobler et al. 2008 , Tomas and Smayda 2008 . The diversity in C. polykrikoides ribotypes, as well as the location and mechanisms of outbreaks, may be responsible for the wide range of these critical environmental parameters (Gobler et al. 2008 , Iwataki et al. 2008 , Kudela et al. 2008 , Mulholland et al. 2009 , Morse et al. 2011 , Fatemi et al. 2012 , Kudela and Gobler 2012 , Al-Azri et al. 2013 , Park et al. 2013a . Three C. polykrikoides ribotypes (East Asian type, United States / Malaysian type, and Philippine type) have been reported
INTRODUCTION
Red tides, the discoloration of the sea surface because of plankton blooms, occur in nearshore and offshore waters worldwide (Holmes et al. 1967 , Eppley and Harrison 1975 , Franks and Anderson 1992 , Anderson 1995 , Franks 1997a , Horner et al. 1997 , Sordo et al. 2001 , Anderson et al. 2002 , Alonso-Rodríguez and Ochoa 2004 , Imai et al. 2006 , Seong et al. 2006 , Jeong et al. 2013 . Red tides are often causing large-scale fish and shellfish mortalities and great economic losses to the aquaculture and tourist industries (Smayda 1990 , Glibert et al. 2005 , Anderson et al. 2012 , Fu et al. 2012 , Park et al. 2013b . Therefore, many countries spend considerable amounts on minimizing the economic losses caused by red tides. Understanding and predicting the outbreak, persistence, and decline of red tides, and establishing early warning systems, are critical steps in minimizing the economic losses. Various physical, chemical, and biological parameters have been known to affect red tide processes of one species (Franks 1997a , 1997b , Smayda 2010 , Lee et al. 2014b , Lim et al. 2014 , Menden-Deuer and Montalbano 2015 . Furthermore, the outbreak mechanisms differ between species (e.g., Jeong et al. 2015) . Therefore, the red tide processes should be understood at species level.
The ichthyotoxic dinoflagellate Cochlodinium polykrikoides is a mixotrophic dinoflagellate that forms red tides in the waters of many countries (Jeong et al. 2004 , Azanza et al. 2008 , Gobler et al. 2008 , Mulholland et al. 2009 , Kudela and Gobler 2012 , Mohammad-Noor et al. 2014 , Al-Hashmi et al. 2015 . It has caused large-scale mortality of finfish in both cages and natural environments (Whyte et al. 2001 , Fukuyo et al. 2002 , Yan et al. 2002 , Gárate-Lizárraga et al. 2004 , VargasMontero et al. 2006 , Anton et al. 2008 , Azanza et al. 2008 , Hamzehei et al. 2013 , Park et al. 2013b , Lim et al. 2017 , and is responsible for USD $1-60 million losses to Korea's aquaculture industry every year (Park et al. 2013b ). The http://e-algae.org species and environmental factors before, during, after the outbreak of C. polykrikoides red tide should be investigated. However, these 3-D distributions and their temporal variations have not been explored in the South Sea of Korea yet.
In this study, in order to investigate temporal variations in 3-D distributions of red tide organisms and environmental parameters, water samples were collected from 60 stations (mostly offshore) in the South Sea of Korea, from May to Nov 2014. The abundances of C. polykrikoides and other phytoplankton species, as well as temperature, salinity, and nutrient concentrations were analyzed. The results of the analyses provided an understanding of the formation and depth of thermoclines, the intrusion and retreat of deep cold waters, and the distribution of eutrophic waters at the surface and deep waters. Simultaneously, the temporal and spatial distributions of heterotrophic protistan and metazoan grazers and their grazing impacts on red-tide organisms were investigated (Lim et al. companion paper, Lee et al. companion paper) . The results of the present study provide a basis for understanding the processes of C. polykrikoides red tides occurring in the waters of Korea and other countries. They also provide an understanding of the critical physical, chemical, and biological parameters affecting C. polykrikoides red tides, for establishing C. polykrikoides red tide outbreak, persistence, and decline prediction models, and for developing effective systems of minimizing economic losses owing to C. polykrikoides red tides.
MATERIALS AND METHODS

Sampling stations
Sixty stations were located in nearshore and offshore waters in the South Sea of Korea (Fig. 1) , with most stations located offshore. The study area (approximately 140 km × 40 km) consisted of three locations: a western area between Goheung and Yeosu, a middle area between Yeosu and Namhae, and an eastern area between Namhae and Tongyoung. The water depth for all sampling stations ranged between 4-53 m. The stations in the western area were shallower than those in the eastern area at the same latitude (Fig. 1) . St 501 in the middle area was located approximately 20 km south of the Seumjin River (SJ River), while St 201 in the western area was located approximately 5 km southeast of the relatively small Haechang Bay (HC Bay) and St 301 approximately 10 km south of the large Yeoja Bay (YJ Bay). To compare average or maxi- (Iwataki et al. 2008 , Park et al. 2014 ). The three types may differ in their ecophysiology, and thus, growth factors and outbreak mechanisms may differ between types. The environment of the South Sea of Korea, where C. polykrikoides red tides most frequently occur, is very different from that of the east coast of the United States. In the South Sea of Korea, C. polykrikoides red tides have often been found in offshore, as well as nearshore waters (Han et al. 2008 , whereas in the east coast of the United States, they have been found in estuaries or bays (Nuzzi 2004 , Tomas and Smayda 2008 , Morse et al. 2013 ). Thus, in order to understand C. polykrikoides red tides, the processes and favorable conditions for C. polykrikoides optimal growth in different environments should be well understood and data from several countries should be combined.
There are two main questions on the process of C. polykrikoides red tides in the South Sea of Korea: 1) what are critical physical, chemical, and biological parameters affecting the outbreak, persistence, and decline of C. polykrikoides?; 2) how can C. polykrikoides form huge red tide patches offshore where nutrient concentrations in the surface waters are usually very low? There have been theoretical explanations on these questions, but they have not been well proved at sea yet; C. polykrikoides is relatively slow growing red tide organisms (maximum autotrophic growth rates of most strains = ~0.4 d -1 ) (Kim et al. 2001 , 2004 . Thus, C. polykrikoides may not have a chance to outgrow over red tide diatoms, flagellates, and most dinoflagellates when the conditions favorable for photosynthesis are given. However, C. polykrikoides is one of the fastest-swimming phototrophic dinoflagellates (Jeong et al. 1999 , Smayda 2010 ; it can swim at a maximum speed of ca. 1.4 mm s -1 and, theoretically, can reach a 50 m depth if it descends for 10 h . Thus, C. polykrikoides may outgrow over competing red tide species when nutrient concentrations in the surface waters are low and those in the deep water are high and also the thermocline which splits well-lit but low-nutrient surface waters from highly eutrophic deep waters is positioned deep for C. polykrikoides to reach highly eutrophic deep waters, but competitors do not to reach. Such conditions may be given offshore in the high solar insolation period. Thus, relative growth rates and vertical migration abilities of red tide species, thermocline depth, stratification, nutrient supply sources, and competition among red tide species are critical factors affecting dynamics of C. polykrikoides red tides. Furthermore, to explore these parameters or factors, 3-dimentional (3-D) distributions of red-tide Water temperature (WT) and salinity in the water column were measured using two CTDs (YSI6600; YSI Inc., Yellow Springs, OH, USA & Ocean seven; Idronaut S.r.l., Milan, Italy). The data obtained from the CTDs were calibrated in each cruise. Additionally, the temperature, salinity, pH, and dissolved oxygen for each sampling depth were measured using an YSI Professional Plus instrument (YSI Inc.). The water samples for nutrient concentration analysis were gently filtered through GF/F filters and stored at -20°C until the concentrations of nitrate plus nitrite (NO 3 + NO 2 , hereafter NO 3 ) and phosphate (PO 4 ) were measured using a nutrient auto-analyzer system (Quattro; Seal Analytical Gmbh, Norderstedt, Germany). The chlorophyll a concentration was measured as described in Eaton et al. (1995) .
Water samples at each station were collected using water samplers, from 2-5 depths depending on the depth of each station. Samples for phytoplankton counting were collected into 500-mL polyethylene bottles and preserved with acidic Lugol's solution. To determine the abundance of each phytoplankton species, the preserved samples were concentrated by 1/5-1/10 using the settling and siphoning method (Welch 1948) . After thorough mixing, all or a minimum of 100 cells of each phytoplankton species in one to ten 1-mL Sedgwick-Rafter counting chambers were counted under a light microscope.
The air temperature (AT) and precipitation data during this study were obtained from the Korea Meteorological Administration (KMA, http://web.kma.go/kr). In addimum values of critical environmental parameters, such as temperature, salinity, nutrient concentrations, and red tide species, representative stations in each area were selected based on the distribution of salinity following heavy rains (Fig. 1) . Following heavy rains, freshwater input from SJ River, HC Bay, and YJ Bay largely reduced the salinity at the inner stations of the western and middle areas (IWMS; St 201, 202, 301, 501, 502, and 601) , but less at the inner stations of the eastern area (IES; St 701, 702, and 801). In addition, [506] [507] [606] [607] [608] [803] [804] [805] [902] [903] were selected as the outer stations (OTS) because the salinity at these stations was not markedly affected by freshwater input. The depth range was 8-20 m in the IWMS, 16-25 m in the IES, and 27-54 m in the OTS. The tidal ranges in the coasts of Goheung and Tongyoung were approximately 3-4 and 2-3 m, respectively.
Sampling and analyses of meteorological, physical, chemical, and biological properties
Sixteen sampling cruises were carried out at 1-2 weeks intervals between May 7 and Nov 11, 2014 ( 
RESULTS
Meteorological data
During the study period, the AT in Goheung ranged between 8.7 and 28.3°C (Fig. 2A) ; the highest AT was observed on Jul 23, while the lowest AT was observed on Nov 3. Daily precipitation (DP) ranged from 0 to 307 mm (Fig.  2B) ; DP over 50 mm was observed on Jun 2, Jul 17, Aug 1, Aug 24, and Sep 23.
Temporal variations in 3-D distributions of red tide species and environmental factors
In the 3-D distribution of WT during the study period, the WTs at the shallower inner stations of the western area were higher than those at the deeper areas (Fig. 3) . The WT increased from May 7 to Sep 28 and strong thermoclines formed from Aug 6 to Sep 28 (Fig. 3) . From Jul 22 to Aug 21, the highest surface WTs among all stations were 25.3-26.6°C, while the lowest bottom WTs were 14.3-14.9°C (Table 1) . During this period, intrusion of deep cold waters occurred. However, on Sep 1, the highest surface WT was 24.3°C, while the lowest bottom WT was 18.7°C, which indicated retreat of the intruded deep cold waters (Table 1, Fig. 3 ). However, the deep cold-water intrusions occurred again on Sep 15 and 28. The thermocline at all stations almost disappeared on Oct 9 (Fig. 3) .
In general, the salinity of the surface waters in the inner stations of the western and middle areas were lower than those in the eastern area and outer stations (Fig. 3) . The salinity in the surface waters was relatively high from May 7 to Jul 11, but became lower from Jul 22 to Oct 9 (Fig. 3) . The lowest and second lowest salinity in the surface waters (23.5 and 25.9) during the study period was observed on Aug 21 and 6, respectively (Table 1, Fig. 3 ). However, the highest and second highest salinity in the bottom waters (35.8 and 34.5) was observed on Aug 6 and 13, which indicated the intrusion of high salinity, deep cold waters (Fig. 3) . Furthermore, an intrusion of these high salinity deep cold waters occurred again between Sep 15 and 28. The salinity in the surface and deep waters increased from Oct 9 to Nov 10.
The nitrate (NO 3 ) concentration in the surface waters from May 7 to Jul 22 were relatively low (<2 µM), with the exception of Jun 5 and 23 (Table 1, Fig. 3 ). The highest NO 3 concentration on Jun 5 and 23 was 3.3-4.1 µM. However, on Aug 6, the NO 3 concentration largely increased in the surface waters of the inner stations (highest NO 3 concentration = 45.1 µM) and in the deep cold waters of tion, the data on tidal height in the coasts of Goheung and Tongyoung were obtained from the Korea Hydrographic and Oceanographic Agency (KHOA, http://eng.khoa. go.kr).
Data process
The 3-D distributions of temperature, salinity, the concentrations of NO 3 and PO 4 , and the abundance of total diatoms and red-tide dinoflagellates were compiled using the Surfer 9 software (Golden Software, LLC, Golden, CO, USA). In addition, the average temperature, thermocline depth, salinity, NO 3 , or PO 4 in the surface or bottom waters at each cruise was calculated by averaging all values from all stations of each of the IWMS, IES, and OTS. However, the maximum abundance of total diatoms and the red-tide dinoflagellates Prorocentrum donghaiense, Ceratium furca, Alexandrium fraterculus, and C. polykrikoides at each cruise were obtained by selecting the highest value among the values measured at all stations of each of the IWMS, IES, and OTS because red tide patches often move from the station where the patches formed to adjacent stations. The thermocline depth at each station of the South Sea of Korea was determined according to Yoon and Choi (2012) ; the existence of a thermocline was determined as the maximum WT gradient (maximum ∆T) of ≥0.5°C m -1 and temperature difference (∆T) in surface and bottom layers <|0.2|°C. When a thermocline existed at the station, the depth where ∆T is ≥0.5°C m -1 was determined as the thermocline depth of the station. http://e-algae.org
Relationships among temperature, salinity, and NO 3 concentrations
To identify water masses in the study areas, the relationships among WT, salinity, and nitrate (NO 3 ) concentration in the sampled waters (n = 277 for each cruise) were explored (Figs 5 & 6) . On May 7, the ranges of WT and salinity were relatively small (13.6-16.9°C and 33.3-34.3, respectively) (Fig. 5) . However, the range of WT became wider from May 21 to Jul 11, while that of salinity did not markedly change. However, the ranges of WT and salinity became largely wider on Jul 22 to Sep 28. Based on WT-salinity diagrams, three different water masses (i.e., warm waters with low salinity, cold waters with high salinity, and intermediate WT waters with intermediate salinity) were simultaneously observed on Aug 6, Aug 21, and Sep 28 (Fig. 5) . Moreover, cold waters with high salinity and intermediate WT waters with intermediate salinity were found on Aug 13. However, the ranges of WT and salinity became narrower on Oct 9 and Nov 10.
The ranges of salinity and NO 3 from May 7 to Jul 11, with the exception of Jun 12, were relatively small (32.5-34.4 and 0-5.1 µM) (Fig. 6) . However, the ranges of salinity and / or NO 3 from Aug 6 to 21 became wider and three different water masses (i.e., highly eutrophic waters with low salinity, moderate eutrophic waters with high salinity, and moderate eutrophic waters with intermediate salinity) were observed during this period (Fig. 6) .
When combining WT, salinity, and NO 3 data, from Aug 6 to 21, three different types of water masses (i.e., highly eutrophic warm waters with low salinity, moderate cold eutrophic waters with high salinity, and waters with intermediate WT, salinity, and NO 3 ) were observed.
Temporal variations in physical, chemical, and biological properties
The depth of all stations ranged between 8-54 m with an averaged depth of 27 m (Fig. 1) . The averaged surface water temperature (ASWT) at all stations increased from 16°C on May 7 to 25°C on Aug 6, while the averaged bottom water temperature (ABWT) increased from 15°C on May 7 to 22°C between Jul 22 and Sep 1 (Fig. 7A) . ASWT was considerably greater than ABWT from Jul 22 to Aug 21. The average thermocline depth (ATD) at all stations was between 1 and 14 m (Fig. 7B) .
The precipitation for 7 days (Prec-7d) in Goheung, prior to each cruise ranged from 0 to 393 mm (Fig. 7C) . The highest Prec-7d was observed on Aug 6 and the Prec-7d on Jun 5, Jul 22, Aug 21, and Sep 28 was 94-143 mm. Furthe outer stations (highest NO 3 concentration = 16.2 µM), which indicated two different NO 3 sources. Furthermore, the distribution of NO 3 concentration on Aug 13 and 21 was similar to that on Aug 6, but the magnitude of the concentration on Aug 13 and 21 was smaller than that on Aug 6 (Table 1, Fig. 3 ). In addition, the phosphate (PO 4 ) concentration had a similar temporal and spatial pattern to the NO 3 concentration (Fig. 3) .
The abundance of total diatoms in the surface waters on May 7, Jul 22, and Sep 1 was >2,000 cells mL -1 , while on the other sampling dates was <500 cells mL -1 (Fig. 4) . The high abundance of total diatoms was mainly recorded in the waters of the inner stations of the middle area. The most dominant diatom species during blooms were Eucampia zodiacus on May 7, Chaetoceros curvisetus on Jul 22, and Skeletonema costatum on Sep 1. In addition, the red tides dominated by the phototrophic dinoflagellates P. donghaiense, C. furca, A. fraterculus, and C. polykrikoides occurred in a sequence (Fig. 4) . P. donghaiense red tide patches were found at the inner and outer stations of the western area from Jun 12 to Jul 1; C. furca red tide patches were found at the inner stations of the middle area from Jul 11 to Aug 21; A. fraterculus red tide patches were found at the inner stations of the middle area on Aug 21; C. polykrikoides red tide patches were found in the western area on Aug 21, but extended to the middle and eastern areas from Sep 1. C. polykrikoides red tide patches were recorded on Oct 9, but disappeared on Nov 10. Thus, P. donghaiense, C. furca, A. fraterculus, and C. polykrikoides had different temporal and spatial distributions in the study area (Fig. 4) .
The vegetative cells of C. polykrikoides were found as early as May 7 (highest abundance = approximately 10 cells mL ) were also recorded as deep as 40 m. Moreover, the WT and salinity ranges at which vegetative cells of C. polykrikoides were observed were 13.6-26.6°C and 27.3-34.8, respectively, while that of NO 3 and PO 4 was 0-19.0 and 0-1.7 µM, respectively. Furthermore, the WT and salinity range at which the abundance of C. polykrikoides was >300 cells mL -1 (i.e., formation of a red tide patch) was 22. 2-24.4°C and 28.7-32.7 , while that of NO 3 and PO 4 was 0.2-4.8 and 0-0.3 µM, respectively. masses having high WT and low salinity (i.e., waters affected by freshwater). Blue circles indicate water masses having low WT and high salinity (i.e., intruded deep cold saline waters).
http://e-algae.org ASWT. The ATD at the IWMS was 0-7 m (Fig. 7B) .
The Prec-7d in Goheung just before each cruise ranged from 0 to 393 mm (Fig. 7C) . The highest Prec-7d was observed on Aug 6 and the Prec-7d on Jun 5, Jul 22, Aug 21, and Sep 28 were 94-143 mm.
The AS in the surface waters at the IWMS was 33-34 from May 7 to Jul 11, decreased down to 29 on Aug 6 and 21, but gradually increased up to 33 (Fig. 7D) . However, the AS in the deep waters was 33-34 on May 7 to Jul 22, decreased down to 31 on Sep 1, but gradually increased up to 33 on Nov 10.
The ANO 3 in the surface waters at the IWMS was 0-1 µM from May 7 to Jul 22, largely increased to 18 µM on Aug 6 and to 8 µM on Aug 21, decreased again down to 1 µM from Sep 1 to Oct 9, but increased up to 7 µM on Nov 10 (Fig. 7E) . However, the ANO 3 in the deep waters was 0-1 µM on May 7 to Jul 22, slightly increased to 2-4 µM from Aug 6 to 21, decreased again down to 1 µM from Sep 1 to Oct 9, but increased up to 6 µM on Nov 10.
The APO 4 in the surface waters at the IWMS was <0.2 µM from May 7 to Jul 22, but largely increased to 0.6 µM on Aug 6 and to 0.2-0.3 µM from Aug 21 to Oct 9, but increased to 0.5 µM on Nov 10 (Fig. 7F) . However, the APO 4 in the deep waters was 0.1-0.3 µM from May 7 to Oct 9, but slightly increased to 0.5 µM on Nov 10.
The highest abundance of total diatoms at the IWMS at each cruise was 13,020 cells mL -1 on May 7, 3,150 cells mL -1 on Jul 22, and 2,550 cells mL -1 on Sep 1, but 62-935 cells mL -1 at the other cruises (Fig. 7G ). In addition, P. donghaiense was abundant from Jun 12 to Jul 1 (highest abundance = 1,200 cells mL (Fig. 7H-K) . The depth of in IES ranged between 16-25 m and the averaged depth was 22 m (Fig. 1) . The ASWT at the IES increased from 16°C on May 7 to 25°C on Aug 13, but decreased down to 19°C on Nov 10 (Fig. 7A) . However, the ABWT increased from 14°C on May 7 to 23°C on Sep 28, but decreased to 19°C on Nov 10.
A thermocline at the IES was not formed on May 7 and from Sep 28 to Nov 10 (Fig. 7B) . The ATD largely fluctuated; they were positioned at 14-17 m on Jun 12, Aug 6, and Sep 15, but at <10 m from May 21 to Jun 5, Jun 23 to Jul 22, and Aug 21 (Fig. 7B) .
The Prec-7d in Tongyoung just before each cruise conducted ranged from 0 to 297 mm (Fig. 7C) . The highest Prec-7d was observed on Aug 21, the second highest Prec7d on Aug 6 (196 mm), and Prec-7d on Jun 12, Jul 22, and Sep 28 were 43-67 mm. thermore, the Prec-7d in Tongyoung ranged from 0 to 297 mm (Fig. 7C) . The highest Prec-7d was observed on Aug 21, the second highest on Aug 6 (196 mm), and the Prec7d on Jun 12, Jul 22, and Sep 28 was 43-67 mm.
The average salinity (AS) in surface waters at all stations was 34 from May 7 to Jul 1, decreased down to 31-32 between Aug 6 and Sep 28, but gradually increased up to 34 (Fig. 7D) . However, the AS in deep waters was 34 on May 7 to Jul 22, decreased down to 32 on Sep 1, but gradually increased up to 34 on Nov 10.
The average nitrate concentration (ANO 3 ) in surface waters at all stations was 0.2-0.6 µM from May 7 to Jul 22, largely increased to 3.8 µM on Aug 6, decreased again down to 0.4-1.4 µM from Aug 13 to Oct 9, but increased up to 5.9 µM on Nov 10 (Fig. 7E) . However, the ANO 3 in deep waters was 0.6-1.4 µM from May 7 to Jul 11, slightly increased to 5.3 µM on Aug 6, decreased again down to 1 µM on Sep 16, but increased up to 5.6 µM on Nov 10.
The average phosphate concentration (APO 4 ) in surface waters at all stations was <0.1 µM from May 7 to Jul 22, but largely increased to 0.3 µM on Aug 6 and to 0.1-0.2 µM from Aug 13 to Oct 9, but increased to 0.4 µM on Nov 10 (Fig. 7F) . However, APO 4 in the deep waters was 0.1-0.2 µM from May 7 to Jul 11, increased to 0.4 µM on Aug 21, decreased down to 0.2 µM on Oct 9, but slightly increased to 0.4 µM on Nov 10.
During the study period, 119 diatom species, 41 phototrophic dinoflagellate species, 2 raphidophyte species, 3 cryptophyte species, 1 euglenophyte species, and 1 mixotrophic ciliate were recorded (Appendix 1). During the study period, diatoms (mainly E. zodiacus, C. curvisetus, and S. costatum) and the phototrophic dinoflagellates P. donghaiense, C. furca, A. fraterculus, and C. polykrikoides causing red tides (discolored) or blooms (abundant or discolored), were recorded. The highest abundance of total diatoms at all stations at each cruise was 13,020 cells mL -1 on May 7, 3,150 cell mL -1 on Jul 22, and 3,340 cells mL -1 on Sep 1, but 110-1,160 cells mL -1 at the other cruises (Fig. 7G ). In addition, P. donghaiense was abundant from Jun 12 to Jul 1 (highest abundance = 4,370 cells mL ), and C. polykrikoides from Aug 21 to Oct 9 (3,000 cells mL -1 ) ( Fig. 7H-K) . The depth of the IWMS ranged between 8-20 m and the averaged depth was 13 m (Fig. 1) . The ASWT at IWMS increased from 16°C on May 7 to 26°C on Aug 6, while the ABWT increased from 15°C on May 7 to 24°C between Jul 22 and Aug 21 (Fig. 7A ). ASWT and ABWT were similar from May 7 to Jun 12 and from Sep 28 to Nov 10. However, ABWT at the other sampling times was slightly lower than http://e-algae.org The APO 4 in the surface waters at the OTS was 0-0.3 µM with peaks on Aug 6 and 21, and Nov 10 (Fig. 7F) . However, APO 4 in the bottom waters was 0.1-0.3 µM on May 7 to Jul 22 and Sep 1 to 15, but 0.5 µM on Aug 6 to 21.
During the study period, the red tides dominated by each of P. donghaiense and C. polykrikoides occurred at the OTS (Fig. 7G-K) . During the study period, the maximum abundances of total diatoms at the OTSs were 530-850 cells mL -1 on May 21, Jul 11, and Nov 10, but <500 cells mL -1 in the other cruises (Fig. 7G ). In addition, the maximum abundance of P. donghaiense was >200 cells mL -1 from Jun 12 to Jul 1, but <100 cells mL -1 in the other cruises (Fig. 7H) . Furthermore, the maximum abundances of C. furca and A. fraterculus were 40 and 30 cells mL -1 , respectively, on Aug 21 (Fig. 7I & J) . The maximum abundances of C. polykrikoides were <10 cells mL -1 from May 7 to Aug 21, 1,230 cells mL -1 on Sep 1, 335-440 cells mL -1 on Sep 15 and 28, but 69 and 3 cells mL -1 on Oct 9 and Nov 10 ( Fig. 7K ).
DISCUSSION
Temporal variations in the 3-D distributions of red tide species and environmental factors
In this study, the investigation of 3-D distributions of phytoplankton, including red tide species and environmental parameters before, during, and after the outbreak of C. polykrikoides red tides in the South Sea of Korea provided several important results. The results indicate some distinct patterns in red tide events during 2014: 1) the red tides caused by the phototrophic dinoflagellates P. donghaiense, C. furca, A. fraterculus, and C. polykrikoides occurred in sequence, while red tides caused by diatoms occurred without a certain clear pattern; 2) C. furca, and A. fraterculus red tides occurred mainly at the inner stations, while those of P. donghaiense and C. polykrikoides occurred at both inner and OTSs; 3) C. polykrikoides red tide patches were found at the OTS when thermocline depths were >20 m with the retreat of the deep cold waters. The analysis of data on the occurrence of red tides in the South Sea of Korea from 1985 to 2013, provided by the National Fisheries Research and Development Institute (NFRDI, http://www.nifs.go.kr/portal/redtideInfo), produced a similar sequence during the years in which C. polykrikoides red tides occurred. In general, Prorocentrum spp. red tides (mainly P. donghaiense, but sometimes P. minimum, P. micans, or P. triestinum) occur first, C. furca or Alexandrium spp. red tides occur next, and C.
The AS in the surface waters at the IES slightly decreased from 34 on May 7 to 31 on Aug 21-Sep 1, but gradually increased to 34 (Fig. 7D) . However, the AS in the deep waters were 34 from May 7 to Aug 6, decreased from 34 on Aug 6 to 33 on Sep 1, but increased to 34 on Nov 10.
The ANO 3 in the surface waters at the IES were 0-1 µM from May 7 to Jul 22, but increased to 7 µM on Aug 6 (Fig.  7E) . Furthermore, the ANO 3 in the deep waters was 0-2 µM on May 7 to Jul 22, increased to 7 µM on Aug 21, decreased to 0-2 µM on Sep 16-Oct 9, but increased to 5 µM on Nov 10.
The APO 4 in the surface waters at the IES was 0-0.2 µM with two peaks of 0.3-0.6 µM on Aug 6 and Sep 15 (Fig.  7F) . However, APO 4 in the deep waters was 0.1-0.3 µM with a peak of 0.8 µM on Aug 21.
During the study period, the maximum abundances of total diatoms at the IES were >1,000 cells mL -1 from Aug 13 to Sep 1, but <1,000 cells mL -1 in the other cruises (Fig. 7G ). In addition, the maximum abundance of P. donghaiense was 270 cells mL -1 on Jun 12, but <10 cells mL -1 from Jun 23 to Nov 10 (Fig. 7H) . Furthermore, the maximum abundances of C. furca were 10-30 cells mL -1 from Jul 11 to Aug 21 except Jul 22 (Fig. 7I) . The maximum abundance of A. fraterculus was 50 cells mL -1 on Sep 1 (Fig. 7J) . The maximum abundance of C. polykrikoides was 1,200 cells mL -1 on Sep 1, but <10 cells mL -1 from May 7 to Aug 6 (Fig. 7K) .
The depths of OTS were 27-54 m and the averaged depth was 38 m (Fig. 1) . The ASWT at the OTS increased from 15°C on May 7 to 24°C on Aug 13, but decreased down to 19°C on Nov 10 (Fig. 7A) . However, the ABWT increased from 14°C on May 7 to 21°C on Sep 1, 22°C on Oct 9, but decreased to 18°C on Nov 10.
The ATD at the OTS was 2 m on May 7, increased to 27 m on Sep 1 with a fluctuation, but decreased to 3 m on Oct 9 (Fig. 7B) .
The pattern in the Prec-7d in Goheung was similar to that in Tongyoung, but magnitudes were different (Fig.  7C) .
The AS in the surface waters at the OTS slightly decreased from 34 on May 7 to 32 on Aug 6-Sep 1, but gradually increased to 34 (Fig. 7D) . However, the AS in the deep waters were 34 from May 7 to Aug 13 and on Nov 10, but 33 from Aug 21 to Oct 9.
The ANO 3 in the surface waters at the OTS was 0-1 µM from May 7 to Oct 9, but 4 µM on Nov 10 (Fig. 7E) . However, the ANO 3 in the deep waters was 0-1 µM on May 7 to Jul 22, increased to 5-8 µM on Aug 6 to Aug 21, but decreased to 1-4 µM from Sep 1 to Nov 10. The ranges of ANO 3 on Aug 6 and Sep 1 were 1-16 and 0-7 µM, respectively. Thus, as the NO 3 concentration increases, P. donghaiense and C. furca are likely to uptake NO 3 , rapidly grow, and form red tide patches earlier than C. polykrikoides. This differential K 1/2 of NO 3 uptake may be partially responsible for the earlier red tides or blooms of P. donghaiense and C. furca in June in which NO 3 concentrations in surface waters were <1 µM. Furthermore, the sequence of the maximum growth rates of these four dinoflagellates are P. donghaiense (approximately 1.5 d . Thus, if the favorable conditions for their optimal growth are given (i.e., high NO 3 concentrations following heavy rains), P. donghaiense is likely to form red tide patches or cause blooms first, C. furca and A. fraterculus next, and C. polykrikoides last as observed in this study and the NFRDI data. In general, the favorable conditions for the optimal growth of most phototrophic dinoflagellates are light abundance and eutrophic conditions. Thus, the sequence of the maximum growth rates of these four dinoflagellates may be partially responsible for the sequence of red tides in the polykrikoides red tides occur last (Table 2) . However, red tides by one or two of the phototrophic dinoflagellates Akashiwo sanguinea, Gonyaulax polygramma, Gymnodinium spp., and Scrippsiella trochoidea sometimes occurred between Prorocentrum spp. and C. polykrikoides red tides. However, it was difficult to understand the reasons for these sequential red tide events because 3-D distributions of physical, chemical, and biological parameters were not available for the NFRDI data. The results of the present study may give some insights in understanding such patterns; the period and location of red tides caused by each of these dinoflagellates, as well as the physical and chemical conditions under which the red tides are formed differ from other species. Therefore, each of these red tide species is likely to have an advantage over competing species.
The temperatures for the optimal growth of P. donghaiense, C. furca, A. fraterculus, and C. polykrikoides are not very different from one another, but their K 1/2 of NO 3 uptake, maximum growth rates, and maximum swimming speeds are considerably different (Table 3) ; the K 1/2 's of NO 3 uptake of P. donghaiense and C. furca (0.4-0.5 µM) are lower than that of C. polykrikoides (2.1-2.2 µM). , 15 m) intermediate (Fig. 8) . In this study, the vegetative cells of C. polykrikoides were observed at 50 m and C. polykrikoides red tide patches were also found at approximately 40 m. Thus, this evidence suggests that C. polykrikoides may migrate down to 50 m, as calculated. Therefore, in theory, if the thermocline depth is shallower than 10 m, all these four dinoflagellates may reach eutrophic deep waters. Under these circumstances, the fastest growing species is likely to form red tides first and the slowest growing species last. However, if the thermocline depth is deeper than 25 m, only C. polykrikoides can reach the eutrophic deep waters and grow, but competitors may not survive. In this study, small blooms of A. fraterculus and C. furca occurred at the OTSs when the NO 3 concentrations in the surface water were <1 µM, but those in the deep waters were 4-5 µM and the thermocline depths were approximately 15-20 m. Intrusion of deep cold waters was likely to shift thermoclines shallower (Fig. 9) . However, Cochlodinium red tides formed and persisted at the OTSs when the surface water NO 3 concentration was low and thermocline depths were >20 m. Prior to the outbreak of huge Cochlodinium red tides at the OTSs in Aug, the thermocline depths were approximately 15-20 m. However, they were recorded deeper, at 25 m, on inner stations following high nutrients input in the surface waters owing to heavy rains.
Cochlodinium red tides occurred and persisted at the OTSs when NO 3 concentrations of the surface waters were <2 µM and thermocline depths were >20 m with the retreat of the deep cold waters, and the abundance of the competing red-tide species reduced. In this study, C. polykrikoides formed predominant red tides at the OTSs from Sep 1 to 28. How could the slow growing C. polykrikoides form such red tides during this period? P. donghaiense, C. furca, A. fraterculus, and C. polykrikoides are able to migrate between well-lit surface waters and eutrophic deep waters and grow by acquiring nutrients from eutrophic deep waters . Usually a thermocline separates the well-lit surface waters and eutrophic deep waters. Therefore, to acquire nutrients from Table 3 . Comparison of eco-physiological characterizations of the phototrophic dinoflagellate species causing red tides in the present study MGR, maximum growth rate of a strain; MSS, maximum swimming speed; D10h, calculated depth which each red tide species can reach by descending for 10 h; K1/2 (NO3), half-saturation constants for uptake of nitrate; T, temperature for the optimal growth of each strain. were maintained at the OTSs until Sep 29 during which thermoclines were positioned at depths >20 m. Thus, the deep thermoclines formed by high solar insolation and retreat of the intruded deep cold waters at the OTSs are likely to favor Cochlodinium red tides over competing red tide species. The competing dinoflagellates that weaken or die during the period of retreat of deep cold waters may not recover completely when the intrusion of deep cold waters occurs again. The short periods of their small blooms at the OTSs may support this hypothesis (see Fig. Sep 1. Retreat of the deep cold waters was likely to cause this shift of thermoclines (Fig. 9 ). This retreat was likely to lower NO 3 concentrations in the waters of deep sampling depths at the OTSs, but the deep cold waters away from the study area was likely to still contain high nutrients (approximately 8 µM NO 3 ) (Fig. 9) . The Geostationary Ocean Color Imager (GOCI) satellite images on Sep 4 showed that many huge C. polykrikoides red tide patches existed offshore (provided by Korean Institute of Ocean Science and Technology). The Cochlodinium red tides http://e-algae.org Aug 6, which was followed by a peak in the deep waters probably driven by intrusion of deep cold waters on Aug 21. The maximum NO 3 concentration elevated because of freshwater input in the study area (approximately 45 µM) was greater because of deep cold water intrusion (approximately 9 µM). However, the volume of the deep cold waters containing 9 µM NO 3 is likely to be greater than that of the surface waters containing 45 µM NO 3 and thus the average NO 3 concentrations in the bottom waters at all stations during each cruise was greater than those in the surface waters (Fig. 7) . Therefore, the deep cold waters are likely to support large red tide patches. Thus, the intrusion (forth) and retreat (back) of the deep cold waters containing high nutrients may shift the thermocline shallower or deeper, affect nutrient availability for competing red tide species, and determine causative species of red tides. The ranges of WTs and salinities at which vegetative cells of C. polykrikoides were present (approximately 14-27°C and 27-35, respectively) or its red tide patches were observed (22. 2-24.4°C and 28.7-32.7, respectively) in this study are within those so far reported in the literature (approximately 3-31°C and 14-40 for presence of cells; 12-31°C and 14-40 for red tides) (Tomas and Smayda 2008 , Richlen et al. 2010 , Fatemi et al. 2012 , Park et al. 2013a , Mohammad-Noor et al. 2014 . The ranges of NO 3 and PO 4 concentrations at which vegetative cells of C. polykrikoides (0-19 and 0-1.7 µM, respectively) or its red tide patches were observed (0.2-4.8 and 0-0.3 µM, respectively) are also within the range so far reported in the literature (0-53.7 and 0.1-15.5 µM for cells and red tides) (Tomas and Smayda 2008 , Fatemi et al. 2012 , Park et al. 2013a . Therefore, C. polykrikoides cells are likely to be present and this species will continuously form red tides in the South Sea of Korea in the future, even when WT increases because of global warming, salinity increases because of long-term drought, and / or nutrient concentrations decrease because of establishment of more sewage treatment systems in Korea. Increases in surface WT (thermoclines shift deeper) and / or salinity (less rainfall) and / or decrease in nutrient concentrations in the future may give C. polykrikoides an advantage over competing species that have lower swimming speeds and high growth rates, as described above.
The results of this study show that the combination of physical, chemical, and biological parameters affects the outbreak, persistence, and decline of C. polykrikoides red tides offshore. Thus, to understand the dynamics of C. polykrikoides red tides and process mechanisms, the investigation of temporal variations in 3-D distributions 7). The Cochlodinium red tides declined and disappeared on Oct 9 and Nov 10 when the thermoclines at the OTSs also almost disappeared. The sequence of the maximum swimming speeds and thus potential reachable depths may be partially responsible for the huge C. polykrikoides red tides at the OTSs following the small blooms of the other dinoflagellates. Intrusion and retreat of deep cold waters have been suggested to be affected by alternations of spring and neap tides with an approximate 15-day period (e.g., Kaneda et al. 2002) . Thus, the intrusion and retreat of deep cold waters and in turn the growth of C. polykrikoides blooms may be predicted. It is worthwhile to explore this topic further.
During Cochlodinium red tides, the maximum abundance of total diatoms at the inner stations of the western and eastern areas was relative high, while that at the OTSs was relatively low. Some diatoms are known to inhibit the growth and migration of C. polykrikoides above a certain level of its density (Lim et al. 2014) ; the diatom Thalassiosira decipiens reduces the swimming speed of C. polykrikoides at diatom concentrations of >~1,000 cells mL . Thus, at the inner stations, Thalassiosira spp. and Chaetoceros spp. may inhibit growth rate and / or swimming speed of C. polykrikoides and thus lower the abundance of C. polykrikoides and / or shorten C. polykrikoides red tide periods.
The results of this study clearly show that there were two major sources of nutrients (in particular NO 3 ) in this study area; one source was the freshwater input to the inner stations through the surface from Seomjin River, Haechang Bay, and Yeoja Bay, and the other source was the deep cold waters at the OTSs. The 3-D distributions of the salinity showed that freshwater input lowers the salinity most in the middle area, followed by the western area, eastern area, and the OTSs. This pattern is likely to cause highest NO 3 concentration in surface waters at the IWMS, moderate concentration in the surface waters at the IES, and the lowest concentration at the OTSs. However, the 3-D distribution of NO 3 concentration showed that in the deep cold waters, highest NO 3 concentrations were observed at the OTS, slightly lower concentrations at the IES, and the lowest concentrations at the IWMS. Interestingly, at the IES, a peak of NO 3 concentration in the surface water driven by freshwater input occurred on rains and dominant species changed to diatoms and other dinoflagellates (Lim et al. 2007b (Lim et al. , 2009 . Thus, the supply of high nutrients to nearshore waters may be critical to the persistence of C. polykrikoides red tide patches in nearshore waters where aquaculture cages are highly concentrated (Fig. 10) . The prolonged drought period in 2013 was likely to cause C. polykrikoides red tide patches to remain in nearshore waters of the South Sea of Korea for >1 month and cause large mortality of fish in cages at sea and aquaculture tanks on land. During that year, approximately 28 million fish in aquaculture cages and tanks in the South and East Sea of Korea were killed by C. polykrikoides red tides (NFRDI 2014) .
Large red tide patches formed offshore are often transported to nearshore waters and gradually accumulated there. Dense C. polykrikoides red tide patches with abundances >10,000 cells mL -1 were reported at piers located in some nearshore waters of the South Sea (personal observation). Even though the abundance of C. polykrikoides in offshore red tide patches is several hundred or thousand cells mL -1 , the abundance of C. polykrikoides in nearshore waters can increase by accumulation. If dense C. polykrikoides red tide patches in nearshore waters enter aquaculture cages at sea and aquaculture tanks on land, fish are usually killed in a day. On Sep 8, 2014, 0.8 million fish in aquaculture tanks in Namhae were killed by dense C. polykrikoides red tide patches that suddenly appeared. Thus, to reduce large scale mortality of fish in aquaculture cages and tanks because of dense C. polykrikoides red tide patches, the distribution of C. polykrikoides red tides and the related physical, chemical, and biological parameters should be investigated in advance.
The temperature for the optimal growth of C. polykrikoides is approximately 25°C (Kudela et al. 2008 ). Many C. polykrikoides red tide patches in the South Sea of Korea have been found in waters where the temperature is around 25°C (NFRDI data; http://www.nifs.go.kr/ portal/redtideInfo). If C. polykrikoides exists alone, it may grow fast and form red tide patches at this temperature. However, the optimal temperature of several competing red-tide species is close to this temperature, as mentioned above. Furthermore, C. polykrikoides cells are likely to experience WTs <20°C whenever it descends to deep cold waters. Strong thermoclines in the South Sea of Korea are formed at depths >20 m when surface WTs are 25°C unless cold water intrusion occurs. Therefore, 25°C in the surface waters may be a signal of the presence of deep strong thermocline that favors C. polykrikoides over its competitors. of these parameters is needed. The results of this study provide a basis on establishing conceptual models for predicting the outbreak, persistence, and decline of C. polykrikoides red tides.
Insights on the processes of Cochlodinium polykrikoides red tides in the South Sea of Korea
Based on the results of this study and the literature, insights on the processes of C. polykrikoides can be provided by the following steps: 1) C. polykrikoides can grow exclusively autotrophically and mixotrophically using diverse N sources (Jeong et al. 2004 , Kudela et al. 2008 ). In particular, it can rapidly grow at relatively low NO 3 concentrations (K 1/2 of NO 3 uptake = ca. 2-3 µM NO 3 ) (Kim et al. 2001 ) and thus theoretically can form red tide patches in nearshore waters; 2) however, due to its relatively low maximum growth rate, competitors such as red tide diatoms, small flagellates, and other dinoflagellates usually outcompete C. polykrikoides under conditions favorable for all phototrophic organisms. In this competition, relative growth rates between C. polykrikoides and competing red tide species at a given condition are likely to be more important than absolute growth rates; 3) Thus, C. polykrikoides can form red tide patches or maintain these patches when the abundance of competitors is low. Theoretically, C. polykrikoides can reach 50 m depth . In this study, the depths favorable for C. polykrikoides are >20 m. High solar insolation during summer can deepen thermocline, but intrusion of deep cold waters can lift thermocline depths as shown in this study. This condition may be favorable for competing dinoflagellates or flagellates whose reachable depths are shallower and whose growth rates are greater than C. polykrikoides. Thus, the retreat period of intruded deep cold waters is likely to give a condition favorable for C. polykrikoides; 4) C. polykrikoides is known to kill competitors using allelopathical chemicals (Yamasaki et al. 2007, Tang and Gobler 2010) . Thus, C. polykrikoides can maintain its populations by killing competitors if its abundance is very high. High abundance of diatoms, on the other hand, inhibits the growth and migration of C. polykrikoides. Thus, when nutrients are supplied to nearshore waters because of freshwater input, upwelling, and / or mixing, diatoms, flagellates, and other fast growing dinoflagellates are likely to outgrow C. polykrikoides and reduce its abundance in red tide patches, which are transported from offshore waters (Fig. 10) . In some nearshore waters of the South Sea of Korea, C. polykrikoides red tide patches have often drastically reduced following heavy 
